Abstract: Buried channel waveguides were fabricated by liquid phase epitaxial growth of a lattice-matched KY 0.58 Gd 0.22 Lu 0.17 Tm 0.03 (WO 4 ) 2 film on a microstructured KY(WO 4 ) 2 substrate. Channels were transferred to the substrates by standard photolithography and Ar-ion milling. The bottom and sidewalls of the milled channels were smooth enough (rms roughness = 70 nm and 20 nm, respectively) to favour the epitaxial growth of the active layer without defects at the boundary of substrate/epitaxial layer. The refractive index contrast was sufficient to enable light confinement and guided modes with low scattering losses were observed at wavelengths between 1440 nm and 1640 nm. CW laser operation at 1840 nm at room temperature was observed with feedback provided only by Fresnel reflection at the end faces, with slope efficiencies of 4% and 9% for TE and TM polarizations, respectively. 
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Introduction
The development of waveguide lasers (WLs) for integrated optics using novel materials is under intense investigation. Using WLs instead of bulk lasers brings the following advantages: i) the reduction of the cavity mode-volume due to the optical confinement in the active host, ii) high optical gain, iii) low laser thresholds and iv) the laser cavity may be contained in the thin active film, allowing on-chip integration of these WLs with other optical components. In addition to semiconductors [1, 2] , several rare earth doped materials have demonstrated their potential for operation as WLs, such as oxides [3] [4] [5] [6] [7] [8] [9] , fluorides [10, 11] 
Experimental methods
KY(WO 4 ) 2 substrates were obtained from KY(WO 4 ) 2 bulk crystals grown by high temperature Top Seeded Solution Growth (TSSG) in a vertical tubular furnace. While rotating at 42 rpm, a b -oriented seed [21] was placed in contact with the surface of the solution (solute/solvent ratio 12:88 mol%) in order to determine the saturation temperature, T s , i.e. the temperature at which neither growth nor dissolution of the seed is observed. Once T s was determined, the growth process started by slowly cooling the solution at 0.12 K/h until 30 K below T s . More details on the growth conditions and setup can be found in [21-23]. The KY(WO 4 ) 2 bulk crystals were then cut into ~2 mm thick plates perpendicular to the b -direction. Finally, both sides of each plate were polished with 9 μm, 3 μm, 1 μm and 0.3 μm alumina powders to achieve high quality polishing of the substrates with an average radius of curvature of 80 m and roughness as low as 34 nm.
For measuring the Ar + ion milling rates, a Rohm & Haas S1828 photoresist layer was spun and soft baked onto a piece of KYW substrate. For microstructuring the substrates we used the same photoresist and a dark field mask with channels of different widths ranging from 1 µm to 10 μm, at an interval of 0.2 µm and with 100 µm spacing between each waveguide. The channel pattern was transferred to the photoresist by standard UV photolithography. After that, we transferred this pattern to the substrates by Ar ion milling in an Oxford Plasma Technology Ionfab 300 plus system using an Ar + ion beam accelerated at 300 V with a beam current of 100 mA. The samples were mounted on a cooled plate (288.5 K) held at 45°, which rotated at 5 rpm for the duration of etching.
KY 0.58 Gd 0.22 Lu 0.17 Tm 0.03 (WO 4 ) 2 layers were grown on the microstructured substrates by LPE using a solution prepared with the solute:solvent ratio 7:93 mol % since this solution composition allows for a better control on the growth rate of the epitaxial layers [24] . Once more, T s was accurately determined for this solution using a b -oriented seed in the same way as it was determined for the bulk crystal growth. Subsequently, the substrate with the microchannels inscribed in one face was partially immersed into the solution at T s by vertical dipping. Immediately after immersion, we induced the supersaturation of the solution by suddenly decreasing the temperature to 3 K below T s and the epitaxial growth process then progressed for 3 hours at this temperature. Finally the substrate was removed from the solution and the furnace was cooled to room temperature at a rate of 15 K/h preventing cracking of the structures by thermal shock. After polishing this epitaxial layer to a thickness of 2 μm over the non-structured surface of the substrate, an overcladding layer of KY(WO 4 ) 2 was grown by LPE, using the same growth conditions as those given above.
The chemical composition of the bulk single crystals and the epilayers was determined by Electron Probe Microanalysis (EPMA) with a CAMECA SX 50 instrument. The measurements were performed with a beam current of 20 mA, an acceleration voltage of 20 kV, over 10 s for measuring oxygen, potassium, yttrium and tungsten, and over 30 s for measuring gadolinium, lutetium and thulium.
The three refractive indices of the substrate and of the KY 0.58 Gd 0.22 Lu 0.17 Tm 0.03 (WO 4 ) 2 epitaxial layer were measured by means of a Metricon 2010 prism-film coupler system at λ = 632.8 nm and λ = 1523 nm. In both cases the TE polarization yielded measurements of the refractive indices n g and n m , associated with the N g and N m principal optical directions, respectively, while the TM polarization was used to determine the refractive index n p , associated with the third principal optical direction, N p , which is perpendicular to N g and N m
Results and discussion
The as-grown bulk KY(WO 4 ) 2 single crystals were crack and macrodefect free and had a typical mass of about 10 g with average dimensions around 9 × 20 × 9 mm 3 along the a* × c × b crystallographic directions. Substrates for microstructuring and epitaxial growth were cut from KY(WO 4 ) 2 bulk crystals. Figure 1 shows a photograph of a typical b-oriented KY(WO 4 ) 2 substrate after polishing, indicating the location of the optical frame with respect to the crystallographic frame in these monoclinic crystals. Monoclinic double tungstates are biaxial crystals. The binary axis of symmetry of these crystals is parallel to the b crystallographic direction, which is also parallel to one of the three principal optical directions. The principal optical directions are labeled N g , N m and N p . The N g and N m optical directions are located in the a-c crystallographic plane whilst the N p optical direction is perpendicular to that plane and is parallel to the b crystallographic direction. For KY(WO 4 ) 2 the N g optical direction is located at 18.5° clockwise from the c crystallographic axis and hence, the N m optical direction (which is perpendicular to N g ) is located at an angle of 59.2° with respect to the a crystallographic axis [23]. We tested the possibility of structuring KY(WO 4 ) 2 substrates by using Reactive Ion Etching (RIE) with CHF 3 and SF 6 gases, yielding an etch rate of 200 nm/h, which was too low for practical purposes. We then explored Ar-ion beam milling. A 4 μm thick photoresist (PR) film was spun onto a KY(WO 4 ) 2 substrate. The system (PR + substrate) was exposed to the Ar-ion beam for different etching times. In this way we determined the etch rate as can be seen in Fig. 2 . The etch rates obtained with Ar + -ion beam milling were 1.13 μm h 1 for the substrate and 1.01 μm h 1 for the PR. We therefore selected this method due to its improved etch rates and acceptable selectivity for structuring the KY(WO 4 ) 2 substrates. After spinning an 8 μm thick film of photoresist in two stages onto the KY(WO 4 ) 2 substrates, straight channels were patterned on the photoresist using standard UV photolithography. Since the N m principal optical direction exhibits the highest absorption and emission cross sections in the monoclinic double tungstates, the photolithographic mask was carefully aligned in such a way that the channels were parallel to the N g principal optical direction of the substrate, so that we could take advantage of the high absorption cross-section of the Tm 3+ ions along N m by coupling the light in the horizontal (TE) polarization; TM propagating modes could also be excited in these channels.
According to the etch rates found, and after developing the UV exposed PR, the substrate patterned with PR was exposed to the Ar + -ion beam for 7 hours leading to channels with the shape and dimensions shown in Fig. 3(a) and 3(b) , as characterized by an optical imaging profiler. Figure 3 shows that etched channels with trapezoidal cross-sections were obtained. The channels all had depths of 6 ± 2 μm and the different widths on the mask resulted in only different widths at the top [see Fig. 3(b) ]. The sidewalls of the channels exhibited a mean rms roughness of 20 nm, whereas on the bottom the roughness was 70 nm, comparable to the roughness usually achieved by the mechanical polishing process of the substrates, 34 nm, which is a key factor to obtain a high quality epitaxial layer and to minimize the scattering losses generated by defects at the interface between the substrate and the epitaxial layer. Light confinement and waveguide lasing in the trapezoidal cross-section waveguides were observed, as discussed below.
A crack free and macroscopic defect free layer of KY 0.58 Gd 0.22 Lu 0.17 Tm 0.03 (WO 4 ) 2 grown on the ion-milled b-oriented KY(WO 4 ) 2 substrate was obtained by LPE. The typical thickness of the as-grown epilayer was about 50 μm, as can be seen in the cross sectional Environmental Scanning Electron Microscopy (ESEM) image of the epitaxial layers, shown in Fig. 4(a) , and recorded by using backscattered electrons. The chemical composition of the epitaxial layer was measured by EPMA, and the Tm 3+ ion concentration was found to be 1.75 × 10 20 cm 3 . The epitaxial layer adapted perfectly to the morphologies induced by the Ar + -ion milling process on the substrate, filling all the space. No defects were observed at the interface between the substrate and the epitaxial layer. The as-grown epitaxial layer was polished down to a height of ~2 μm with respect to the unmilled surface of the substrate. This led to an inverted rib-like active layer over the grooves of the ion-milled substrate. After that, a 70-μm thick KY(WO 4 ) 2 cladding was grown by LPE over the KY 0.58 Gd 0.22 Lu 0.17 Tm 0.03 (WO 4 ) 2 epilayer [see Fig. 4(b) ]. The lighter region in Fig. 4(b) corresponds to the active layer, which shows a contrast to the substrate and cladding due to its different chemical composition. This layer forms the buried rib waveguides. The sharp contrast observed in the image between the active layer and the substrate or the cladding shows that there is no diffusion of the ions from the epilayer into the substrate/cladding or from the substrate/cladding into the active layer. The Tm 3+ luminescence image shown in the inset also confirms that there is no significant diffusion of active ions from the guiding layer into the substrate or cladding.
Prior to the polishing of the active layer and growth of the cladding layer, we measured the three refractive indices n g , n m , and n p of the active guiding layer and the KY(WO 4 ) 2 substrate at different wavelengths (632.8 nm and 1523 nm) by the prism-film coupling technique. With this setup we also observed the guided modes supported by the guiding layer. Table 1 summarizes the results of these measurements. The refractive index contrasts at 632.8 nm and 1523 nm were of the order of 10 3 , high enough to enable guided light along the three principal optical directions, especially in the N m and the N p directions, which are the directions along which light may be polarized in the fabricated buried ribs. Seven and six TE guided modes were supported by a 12 μm-thick planar waveguide along the N g and N m optical directions, respectively, at 632.8 nm, whereas, at this wavelength seven TM modes were supported along the N p optical direction. At 1523 nm, the number of guided modes decreased, as expected, up to two TE modes along the N g and N m optical directions and three TM modes along the N p optical direction.
Guided modes supported by the buried channel waveguides were also observed using a CCD camera at a wavelength of 1640 nm, far from any absorption band of the active ion, for channel waveguides of different widths. Light was coupled into the waveguides through a 150 μm core fiber. Figure 5 shows the near-field mode intensity profile of a typical 30 μm width channel waveguide. The intensity profile corresponding to the fundamental mode shown in Losses in our 10 mm long channel waveguides were evaluated by measuring the transmitted light at 633 nm, using a 5 × objective microscope for light injection in the waveguide and collecting the output power by a 10 × microscope objective. At this wavelength the channel waveguide is multimode, and the doped core is free of absorption from the Tm 3+ ions. Assuming a 100% coupling efficiency and taking into account the Fresnel losses (11%) at the air/waveguide interfaces, the upper limit for losses was evaluated, giving a value of 0.2 dB/cm for both quasi-TE and quasi-TM propagating light. This low value of losses is an indicative of the quality of the layers grown by the LPE. Furthermore, since the scattering losses at the waveguide interfaces strongly depend on the index contrast, the epitaxially grown over-cladding helps favorably to reduce these losses.
Laser operation of the transition from the 3 F 4  3 H 6 levels of Tm 3+ in the continuous wave regime at room temperature was obtained in several buried channel waveguides. The pump source used was an argon-ion laser pumped Ti:Sapphire laser operating at 802 nm. Long working distance microscope objectives of 10 × and 50 × were used for in-coupling and outcoupling the pump and the laser signal to and from the waveguides, respectively, which provided a pump spot size of ~64 μm. The feedback provided by the 11% Fresnel reflections at the end faces alone was sufficient to enable laser oscillation, and allowing us to operate a mirrorless guided laser. Laser characteristics of a representative channel are shown in Fig. 6 (a) and 6(b). Slope efficiencies as high as 13% were achieved for the TE pump polarization, whilst for the TM polarization the maximum slope efficiency was 6% with a laser thresholds of 42 mW and 60 mW, respectively. The FWHM in both cases was 3 nm. These efficiencies are considerably larger than those reported in Tm:LiNbO 3 waveguide lasers (around 1%) [8, 9] As expected, higher laser efficiencies for TE pump polarization due to the high absorption and emission cross sections for this polarization were obtained. However, we observed blue emission generated by up-conversion processes during the lasing experiments ( 1 G 4  3 H 6 centred at 480 nm) that could be considered as a competitive source for the laser efficiencies.
Conclusion
In conclusion, we have developed a novel method for the fabrication of buried channel waveguides in monoclinic double tungstates. In summary, the method consists of (i) manufacturing channels on KY(WO 4 ) 2 substrates by standard UV photolithography and Ar A refractive index contrast of the order of 10 3 with respect to the substrate was sufficient to observe highly confined guided light at different wavelengths, in particular, in the range 1440 nm-1640 nm. The feedback provided by Fresnel reflection at the end-faces enabled the demonstration of CW laser operation at 1840 nm for the first time in this family of materials when pumped at 802 nm, with efficiencies of 13% and 6% for TE and TM pump polarizations, respectively, allowing the demonstration of a mirrorless guided laser. We believe that this new technology can be easily extended to other dielectric materials. WLs emitting in the spectral region around 2 μm, as well as solid state lasers, are in demand and will be highly useful in mid-IR molecular finger printing applications, including remote sensing, gas detection, high resolution molecular spectroscopy, frequency metrology, but also in medicine, since characteristic vibrational absorption lines of molecular species of interest in these fields are located in this spectral region.
